The emerging field of silicon photonics seeks to unify the high bandwidth of optical communications with CMOS microelectronic circuits. Many components have been demonstrated for on-chip optical communications, including those that utilize the nonlinear optical properties of silicon [1, 2], silicon dioxide [3, 4] and silicon nitride [5, 6] . Processes such as second harmonic generation, which are enabled by the second-order susceptibility, have not been developed since the bulk χ (2) vanishes in these centrosymmetric CMOS materials. Generating the lowest-order nonlinearity would open the window to a new array of CMOS-compatible optical devices capable of nonlinear functionalities not achievable with the χ (3) response such as electro-optic modulation, sum frequency up-conversion, and difference frequency generation. Here we demonstrate second harmonic (SH) generation in CMOS compatible integrated silicon nitride (Si3N4) waveguides. The χ (2) response is induced in the centrosymmetric material by using the nanoscale structure to break the bulk symmetry. We use a high quality factor Q ring resonator cavity to enhance the efficiency of the nonlinear optical process and detect SH output with milliwatt input powers.
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Silicon nitride is a centrosymmetric, CMOS compatible material shown to be useful for integrated optics and to possess interesting nonlinear properties [5] [6] [7] . Previous nonlinear experiments in silicon nitride waveguides have only used the χ (3) nonlinearity: the lowest order in the material since the bulk electric dipole response vanishes. In this study we induce a χ (2) response utilizing the interface between two centrosymmetric materials, the Si 3 N 4 core and the silicon dioxide (SiO 2 ) cladding. The waveguide interface breaks the bulk symmetry and a second-order nonlinear response can arise [8] [9] [10] [11] from the asymmetric dipole potential formed at the surfaces. Previously, detecting the second harmonic wave from a reflected interface has been used for monitoring surface properties [9, 11] , even with centrosymmetric materials, however no CMOS-compatible integrated devices have shown guided SH.
We observe SH generation in this experiment using a device based on recently demonstrated Si 3 N 4 ring resonators with both high Q and high modal confinement [12] . Integrated ring resonators enhance the efficiency of nonlinear interactions [6, 13, 14] due to the large power build-up in the ring. We design silicon nitride ring resonators to be resonant at both fundamental and SH frequencies with the same fabrication process previously described [6, 12] . The ring resonator (Fig. 1a) used in this experiment has a radius of 116 µm and a coupling gap of 350 nm between the ring and the bus waveguide.
We measure the SH wavelength in the waveguide coupled to the resonator for input pump powers as low as 3 mW. A tunable diode laser is amplified using an erbium-doped fiber amplifier and coupled to the waveguide using a tapered lensed fiber. We use a polarization controller to launch light in the fundamental quasi-TE mode of the waveguide. The pump wavelength λ P is tuned into the resonance of the ring cavity near 1554 nm The power dependence of generated SH versus pump power dropped to the ring. The red-dashed line with slope near 2 on the log-log plot represents the best fit line to the data and is very close to the theoretical square prediction.
and, with suitable power levels, we are able to observe generation of the second harmonic (Fig. 1b) . We use a spectrometer to measure the wavelength of the visible emitted light. Figure 2a displays the output with the generated SH wavelength λ SH measured to be 777.1 nm which, as expected, is λ P /2. Since only the SH wavelength is detected, we conclude we are not generating broadband photoluminescence which has been previously described in silicon nitride [15, 16] . To measure the power of the SH, both the IR pump and the visible signal are collected into an optical spectrum analyzer (OSA). The powers measured by the OSA are corrected to the absolute power values coming out of the waveguide, taking into consideration the coupling efficiencies from the waveguide to the fiber and to the OSA for both pump and SH wavelengths, respectively. The OSA confirms the wavelength measurement for both the pump and SH. We observe a maximum conversion efficiency of -35 dB with 100 µW of SH generated for a pump of 315 mW. At increased pump powers, the ring's resonance experiences a severe thermal shift which prevents efficient coupling from the waveguide to the resonator. In order to clearly demonstrate the theoretical square dependence of the SH process, we plot the dropped pump power against the generated SH on a log-log scale (Fig. 2b) and calculate a best fit slope of 1.9745 ± 0.0225.
Efficient SHG is possible by satisfying the phasematching condition of matching the effective index of the fundamental waveguide mode in the IR to a higher order mode in the visible range. This method has previously been suggested for phase-matched third-harmonic generation in SiO 2 , in both microtoroids [4] and microstructured fibers [17, 18] . In order to determine which mode is best phase-matched, we use a finite difference method mode solver to calculate the effective index for both the pump and SH frequencies. Figure 3a , shows a plot of the effective index against wavelength for the first 8 modes of the waveguide at the SH wavelength and the fundamental mode at the pump wavelength. Since the phasematching condition is satisfied when the effective index at the pump and corresponding SH wavelengths are equal, crossing points between the blue and red lines are perfectly phase-matched for the corresponding wavelength pair and mode number. As the plot shows, we have a phase-matching point near our experimental pump wavelength with the 6 th order mode of the SH.
The captured mode image of the waveguide output (Fig 3c) corresponds well to the simulated mode profile for the 6 th order SH mode which optimizes the phasematching condition. Since the ring and bus waveguide cross-sections are identical, we expect the same-order mode generated in the ring resonator to couple to the waveguide. To effectively image the mode, we polish away the nanotapers [19] , used to increase coupling efficiency, at the output of the waveguide. We collect the output light with a high NA objective to focus the image on a CCD camera. There are three distinct lobes in the mode showing a good match with the simulated mode.
We calculate the effective χ (2) to be 4 × 10
from the conversion efficiency observed in the ring. For SHG with an undepleted pump, the expected signal power may be calculated for a given pump intensity and propagation distance by solving the coupled amplitude equations [20] . Since we are using a resonator, the intensity of the pump and SH are increased by the respective cavity enhancement effects of the ring. In order to accurately model the nonlinear susceptibility, we take into account the finesse of the cavity, the simulated modal field overlap and phase-mismatch, and the radius of the ring. The power P sh for second harmonic wave is then given by:
(1)
where ω p is the pump frequency, 0 is the permittivity of free space, c is the speed of light in vacuum, n i is the effective index for the modes, A i is the mode area, ∆k is the phase mismatch, L is the ring circumference and P p is the pump power in the waveguide. The modal overlap integral between the fundamental and second-harmonic fields is accounted for by the function f (A p , A sh ). C i takes into account the circulating power in the ring [13] where κ and τ represent the coupling parameters from the waveguide to the ring, α is the propagation loss in the ring and k i is the wavenumber. From Eq. 1, we see that the SH wave has a quadratic dependence on the pump power and nonlinear susceptibility χ (2) . From the measured output power values we estimate our induced χ (2) . The integrated high finesse resonator in silicon nitride increases the efficiency of the SHG significantly when the pump and SH are both resonant.
In addition to SH, we also observe third harmonic generation in similar ring resonators generating green light with a wavelength of 520 nm. The χ (3) nonlinearity of the silicon nitride induces the third order process in which the fundamental mode is phase-matched to the 18 th order mode at the third harmonic wavelength. We collect pW's of light at the third harmonic wavelength from a pump centered at a cavity resonance near 1560 nm. This is on the same order as shown in a silicon photonic crystal[2], but here light is coupled and guided in the bus waveguide as opposed to out of plane emission.
Our demonstration of guided on-chip visible light generation opens the available spectrum for Si-based devices from the IR to the visible, increasing bandwidth and enabling potential integration of silicon photodetectors to on-chip optical networks. Additionally, the doubly resonant SH generation presented here could produce squeezed states [21] of both the pump and SH frequencies for quantum optics studies. Finally, the induced secondorder nonlinearity could be used for difference frequency generation to combine two near infrared pumps to generate a mid-infrared source [22] .
